Radiation doses and cancer incidence among the population living within 25 km of three nuclear power plants (NPPs) in Ontario, Canada were investigated for the period 1985 to 2008 for radiation exposure and 1990 to 2008 for cancer incidence. This study design provided at least a five-year latency period between potential radiation exposure and cancer incidence. Around the NPPs, the incidence of childhood cancers, leukemia and non-Hodgkin lymphoma, in young children (aged 0 -4) was lower than the general Ontario population, but not statistically so. Cancer incidence in children aged 0 -14 was similar to the Ontario population. Overall, for all ages there was no consistent pattern of cancer incidence (all cancers combined and radio-sensitive cancers) across the population living within 25 km of the three NPPs. Some types of cancers were statistically higher than expected, others were statistically lower than expected, and others were similar to the general Ontario population. Although variations in all cancers combined and radiosensitive cancers were found in this study, the pattern was found to be within the natural variation of cancer in Ontario. (Darlington NPP) radiation doses, more realistically estimated using the critical group concept for six age classes, were ≤0.0067 mSv/year. Hence, public doses from environmental releases of radionuclides from Ontario NPPs represent a very small fraction of natural background radiation (1.338 and 2.02 mSv/year) in the regions where the NPPs are located. Our study shows no evidence of childhood leukemia clusters around the three NPPs and that the incidence of all the cancers investigated for all age groups is within the natural variation of the disease in Ontario. The radiation exposure from NPP operation is a small contributor to the public's total exposure to radiation and is not a plausible explanation for any excess cancers observed within 25 km of any Ontario NPP.
Introduction
Several studies have evaluated the relationship between distance from a nuclear facility and cancer incidence, but few studies have assessed the relationship between radioactive discharges or radiation dose to members of the public from a nuclear facility and cancer incidence.
In Germany, a case-control study (1980 to 2003) found a statistically significant excess risk of leukemia among children under 5 years old living within 5 km of a nuclear power plant (NPP) [1, 2] . However, an increasing trend with the inverse distance from the sites, considered as a continuous variable, was not detected when the distance was categorical [2] . Likewise, the risk estimates obtained in the incidence analysis [3] also appeared to be lower than those obtained with the case-control approach [2] . The results were largely attributed to cases in previous studies from 1980 to 1990 [4] and 1991 to 1995 [5] , especially in the 5 km zone. Likewise, the estimated risk in the 5 km zone was highly sensitive to whether or not the Krümmel NPP was included [6, 7] . Individual radiation exposures from the NPP emissions and other sources were not available. The authors concluded the observed positive distance trend remained unexplained and no statements on the cause of the increase cancer rates could be made. A further analysis [8] observed the trend in risk decreased over time, and a reassessment of the results showed a marked impact of the urban/rural status of the residence on the estimated risk [9] . An independent review of the study [9] concluded there was no support for a causal relationship between any chemical or physical risk factor and the observed risk of childhood leukemia. Several reviews of this study came to similar conclusions [6, 10, 11] .
Other studies have been conducted in the United Kingdom [12] , France [10] , Switzerland [13] and Finland [14] . No relationship between childhood leukemia and distance from an NPP was found. A recent study conducted in France used a methodology allowing the assignment of radiation doses from nuclear facilities to the cases of leukemia [7] . This study found a significant relationship between distance and childhood leukemia; however, when dose-based geographic zoning was used, childhood leukemia could not be explained by the radiation exposures from the NPPs' gaseous discharges. Earlier, French studies found no relationship between childhood leukemia incidence and distance from NPPs [10] or radiation exposures in the municipalities near the sites [15] .
In Canada, McLaughlin et al. [16] examined leukemia mortality (1950 to 1987) and incidence (1964 to 1986) among children aged 0 -14 within communities near (25 km) two Ontario NPPs (Pickering, Bruce). Childhood leukemia in the vicinity of the Bruce and Pickering NPPs was greater than expected although not statistically significantly so. Prior to the opening of the Pickering NPP (1950 to 1970), the mortality ratio by residence at birth for the 25 km area was also higher than expected. The confidence intervals included the null value and were generally wide because of the small observed and expected numbers of deaths and cases. The results for leukemia in children aged 0 -4 were similar. When the areas near Bruce and Pickering NPPs were pooled, the evidence became weaker. The statistical power of the study was also limited due to the rarity of childhood leukemia and the small number of observed and expected cases and deaths. In conclusion, there was no statistical evidence the difference was due to anything but the natural variation of the disease.
Also in Canada, rates of cancer incidence and mortality, congenital anomalies and stillbirths were examined from 1981 to 2004 in areas surrounding the Pickering and Darlington NPPs [17] . The authors concluded that although there were some elevated cancer rates (i.e., thyroid, breast, brain, and kidney cancer, and leukemia (excluding CLL)), there was no clear pattern found across time periods, sexes, and for incidence and mortality statistics. All childhood cancer mortality and incidence rates were similar to the Ontario population. All other health indicators were significantly low or at provincial levels. Overall, the results were consistent with an earlier analysis for the region from 1979 to 1993 [18] . In general, disease rates did not indicate a pattern to suggest the Pickering and Darlington NPPs were causing health effects in the population.
To date, no Canadian study of cancer incidence among the population has included an analysis of exposure of members of the public to radioactive emissions from an NPP. In Ontario, twenty nuclear power reactors located on three NPP sites (Pickering, Bruce and Darlington) which began operation between 1971 and 1989. The objective of this work was to conduct an ecological hypothesis-screening study providing radiation dose estimates for members of the public from environmental radiation monitoring data and updated cancer incidence data for populations living within 25 km of the three Ontario NPPs from 1990 to 2008.
Methods

Radiation Doses to Members of the Public Living near Ontario Nuclear Power Plants
Radionuclides released to the environment from Canadian NPPs are listed in Table 1 . Data on annual radiation dose assessments for members of the public using internal and external environmental exposure pathways were collected from Ontario Power Generation (OPG) and Bruce Power annual reports [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Exposure pathways included in the dose assessments were inhalation and ingestion of food and water, exposure from air and water immersion, groundshine, and incidental soil and sediment ingestion. Concentrations of radionuclides in various environmental compartments were obtained from the results of radio- Table 1 . Major radionuclide and radionuclide groups released from Canadian NPPs.
Atmospheric Emissions
Tritium Oxide as water vapor (HTO) Elemental Tritium (HT) Carbon-14 (C-14) Radioactive Iodine (mixed fission products of iodine) 1 Radioactive Particulates (mixture of alpha emitting radionuclides) 2 Noble Gases (mixture of Argon-41, and Xenon and Krypton radioisotopes)
Liquid Effluent Discharge
Tritium Oxide as water (HTO) Carbon-14 (C-14) Gross Beta/Gamma (mixture of beta and gamma emitting radionuclides) logical environmental monitoring programs (REMP). Doses were calculated for members of the public using either a hypothetical individual (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) Table  2 summarizes the environmental media and radionuclides monitored through the REMP and used in the dose calculations.
While the use of a hypothetical individual resulted in very conservative radiation dose estimates (individual living at the NPP fence line and consuming exclusively local food and water), critical group doses were more realistic. A critical group represents a uniform group of people whose location, age, diet, lifestyle, etc., caused them to receive higher doses than other groups in the exposed population. The three NPPs each have multiple potential critical groups. At each critical group location, age classes (adult, 15-year-old, 10-year-old, 5-year-old, 1-year-old, and nursing infant) have been attributed characteristics to reflect different diet consumption rates, and lifestyle habits. Site-specific surveys of residents and local farms surrounding the NPPs were conducted to obtain information on the characteristics of the potential critical groups [35] [36] [37] [38] [39] [40] [41] [42] [43] . Surveys generated information on 4 At all Ontario NPPs Radioactive Iodine measured in ambient air has consistently been too low to measure [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] ; 5 At all Ontario NPPs radioactive Iodine measured in milk samples have consistently remained below detection limits (limit of detection ranges from 0.1 Bq/L -0.2 Bq/L) [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . the number of people living at each residence or farm, their age distribution, sources of water for various uses, as well as the proportion of local and store bought food consumed. If information could not be obtained from surveys, default values in the CSA standard N288.1 [36, 37] were used.
For each NPP, all annual total dose data for each hypothetical individual or critical group from 1985 to 2008 were compiled [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The highest annual doses to critical groups were mapped using ESRI® ArcGIS™ Desktop version 10.1 (ArcGIS) mapping software. A set of maps was generated, one for each NPP, showing the highest doses received to each potential critical group over the study period. A polygon shape file was created with boundaries extending at a radius every 5 km up to 25 km from the NPP, corresponding to the geographic distribution of cancer incidence data used for this study. The Darlington and Pickering NPPs are on the shore of Lake Ontario and the Bruce NPP is on the shore of Lake Huron; therefore, a large portion of the 25 km radius included water.
For each NPP, the year with the highest critical group dose within the study period were identified and a second set of maps was created. For each NPP, atmospheric dispersion plumes for each radionuclide were generated, based on the atmospheric emissions data for the given year. The dispersion plumes were produced using the EcoMetrix ® IMPACT TM (IMPACT) modelling software, which is based on CSA standard N288.1 [36, 37] . Sitespecific weather data and release characteristics obtained from each NPP were used in the model (available upon request). From the model outputs, a dose plume was generated in ArcGIS using air inhalation and immersion dose conversion factors. For each NPP, the dose plume represents a hypothetical annual dose that would be received by an individual due to air immersion and inhalation if that person spent the entire year outdoors at a particular location (full time occupancy).
The following equation was used to calculate the dose due to air immersion and air inhalation:
X is the dose received (µSv·yr
X is the air emission release rate (Bq·s
01 is the dilution factor due to atmospheric dispersion (s·m   P i 19 is the transfer parameter for dose to humans via air inhalation (Sv·yr based on air emission data for each radionuclide and average annual Triple Joint Frequency meteorological conditions (i.e., wind speed, stability class, and wind direction) and release characteristics (i.e., stack height, stack exit velocity, gas and ambient temperatures). This information came from industry reports formally submitted to the national regulator, the Canadian Nuclear Safety Commission (CNSC) [26, 29, 31, [39] [40] [41] [42] [43] . Each report has undergone a critical technical review by the CNSC. Transfer parameters, P(e) 19 and P(i) 19 and dose conversion factors, DCF a and DCF i for air immersion and air inhalation used in the dose assessment were adopted from CSA standard N288.1 [36, 37] .
Cancer Incidence in Members of the Public Living near Ontario Nuclear Power Plants
Cancer incidence data collected by the Ontario Cancer Registry (OCR) [44] from 1990 to 1991 and the Canadian Cancer Registry (CCR) [45] from 1992 to 2008 were obtained for the following: all cancer sites combined; cancer of the thyroid, lung and bronchus; female breast; ovary; esophagus; stomach; colon and rectum; bladder; brain and other nervous system; liver; and leukemia and non-Hodgkin lymphoma. These types of cancer were chosen because they are sensitive to radiation [46] [47] [48] . Disease coding was based on the 3 rd edition of the International Classification of Diseases for Oncology [49] . Cases coded to the 2 nd edition were converted. Population counts from the Census of Canada [50] for the census years 1991, 1996, 2001, and 2006 were obtained for the areas within 25 km of the three NPPs in Ontario (data not shown). The tables prepared in this study start in 1990 since it was the first year that Cancer Care Ontario (CCO) data had sufficient completeness for postal code information.The geographical areas in our study included combined municipalities in the 25-km radius from an NPP, based on its latitude and longitude. This study focused on a 25-km radius from each Ontario NPP to be consistent with a previous study [16] and because of the low population density around the Bruce NPP. This is less specific than information at the individual census subdivision (CSD) level and not as broad as the census division (CD) level.
CCO conducted a data quality study to investigate residence code errors at the census division (CD) and census subdivision (CSD) level through a record linkage to the Ontario property assessment files. The accuracy of the CSD of residence was 84.4% whereas the accuracy of the CD level of residence was 97.9% for the 1025 cases having this information [51] . The CD is considered the gold standard.
Standardized incidence ratios (SIRs) (O/E) based on residence at diagnosis, observed (O) and expected (E) number of cancer cases and 95% confidence intervals (CIs) were calculated [52] based on the age-and sexspecific rates of the comparison population (i.e., Ontario) for the corresponding period (1990 to 2008) for the 25 km radius of each NPP. Internal calculations of observed and expected cases were stratified by five-year age groups and periods, and controlled for socio-economic status using income quintile. The statistical power of this study depends on the statistical significance criterion used, the magnitude of the effect of interest, and the sample size. Table 7 .2 given by Breslow and Day [53] was used to calculate the power using 80% as a standard for acceptance [54] . Using Ontario as the reference population and the expected cases for leukemia (all ages, both sexes combined) for people living within 25 km of the Bruce NPP (which had the smallest population) for example, the probability (%) of obtaining a result significant at the 0.01 level (one sided) of the expected value (E) of 70 (68.0 actual expected cases) assuming no excess risk, and of the true R (or SIR in our case), the sample power for R = 1.2 is 24%. For childhood cancer (leukemia and NHL) near Bruce NPP at a significance of 0.01, and E of 5, (5.2 actual) assumeing no excess risk, and a true R, the sample power for R = 1.5 is only 8.0%. As a result, the small population size and the rareness of some cancers limited the statistical power of our findings among the population living near Bruce NPP. This was generally not an issue near Darlington and Pickering NPPs which had large observed and expected numbers of cancer cases.
Age-standardized incidence rates (ASIRs), per 100,000 population, were calculated using the direct method, which involves weighing the age-specific rates for each of the age groups (<1, 1 -4, 5 -9 ··· 80 -84, 85+) according to the age distribution of the standard 1991 Canadian population. The 95% CIs are not provided for the ASIRs when the number of rounded cases is ≤ 5 since the approximation used is less accurate for a small number of cases. SIRs were also calculated at the CD level by cancer site and for all ages and both sexes combined, for Durham Region (location of Pickering and Darlington NPPs) and Bruce County (location of Bruce NPP) using Ontario rates as the comparison population. This provided an additional comparison of cancer incidence around the NPPs with that of the 25 km radius analysis.
information during a minimum 5-year latency period from the start of the cancer incidence data (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) for the Bruce NPP. For comparison purposes, the annual dose from natural background radiation at each site is also presented. Radiation doses to members of the public from the operation of Ontario NPPs (represented by conservatively estimated doses to critical groups (≤ 0.0067 mSv/year)) are much less than the difference in natural background radiation between the Darlington/Pickering area and the Bruce area (0.682 mSv/year) and hence only represent a very minor contribution to the public's overall radiation exposure. The relative contribution of different radionuclides to the total dose was analyzed. Doses from tritium are higher in adults than in children or infants due to higher inhalation rates, whereas the reverse is observed for doses due to noble gases (as a result of increased shielding due to higher assumed body fat in adults).
Critical group doses for Pickering (2005), Darlington (2003), and Bruce (2008) were analyzed for spatial relationship between dose and distance from the three NPPs (Figures 1-3 ). The analysis revealed that the highest doses were not necessarily associated with critical groups closest to the NPP. For example, residents living closer to the Pickering NPP (such as the non-dairy-farm resident) have lower doses (0.0011 mSv) than the dairy-farm residents living several km further away (0.0013 mSv). This was also observed when comparing the doses to urban residents (0.0020 mSv) with those of residents of the correctional institution (0.0022 mSv). At the Darlington NPP, the dairy-farm residents also have a lower dose (0.0007 mSv) than the rural residents (0.0009 mSv) located further away. Sport fishers near both the Pickering and Darlington NPPs have the lowest doses of all the critical groups, as they are expected to spend at most 1% of the year at the fishing location. Similarly industrial and commercial workers are expected to spend only 20% of the time at the critical group location, also resulting in lower doses. Residents living within 5 km of the Bruce NPP (0.0012 mSv) have lower doses than residents who lived further away (0.0021 mSv). Both groups are non-farm residents with the same dietary characteristics (e.g., food coumption rates; proportion of local vs. store-bought food). The difference in doses is due primarily to differences in location relative to prevailing wind conditions. Figures 1-3 overlay onto the year with the highest critical group doses the hypothetical atmospheric dose plume for full time occupancy of an infant, child and adult within the plume. The high value represents the dose from inhalation and immersion for full time occupancy at the stack and the low value bounds the fully dispersed atmospheric release. These dose plumes, based on site-specific average annual weather data, clearly indicate a plume extending towards and over the lake, and generally away from populated areas. The dose estimates in the dispersion plumes are higher than critical group doses not only because of the hypothetical full time occupancy in the plume but also because the IMPACT software assumes that the stack is at ground level. Actual emissions from the three NPPs are released from stacks at elevations greater than 10 m, allowing for increased air dispersion before reaching the ground (point of impingement).
Cancer incidence data were collected for all cancer sites combined and for cancer sites sensitive to radiation. Incidence data were analyzed for the following age groups: 0 -4, 0 -14, 0 -24, 25 -64, 65+ and 0 -65+ when the number of cases was sufficient. A blank is given if the number of cases is less than 6 and, therefore, not reported. Table 6 shows that the SIRs for childhood cancer (leukemia and non-Hodgkin lymphoma) among children aged 0 -4 living within 25 km of the Pickering and Darlington NPPs were lower than expected for the Ontario population but not statistically significantly so. Similarly, the incidence of childhood cancer in children aged 0 -14 living near the three NPPs was similar to Ontario. Near the Bruce NPP, no information was available for young children (aged 0 -4) because there were fewer than 6 cancer cases from 1990 to 2008. Similarly, for children aged 0 -14, leukemia and nonHodgkin lymphoma were combined to preserve confidentiality of observed cases fewer than 6. Table 7 shows the results for all cancer sites combined and leukemia for those aged 0 -24, 25 -64, and 65+. Other cancer sites were not provided for those aged 0 -24 since, in general, few cases were observed; especially near Bruce NPP. For all cancer sites combined and especially leukemia, the SIRs were either significantly less than 1.0 or similar to Ontario for those aged 0 -24 living near all three NPPs.
The age groups 0 -64 and 65+ were used for all other cancer sites. Tables 8 to 10 present for all three NPPs the SIRs for all the cancer sites, by age group and for both sexes. For all three NPPs, it is very evident that lung and bronchus, female breast and colon and rectum cancer are the most common cancer sites. However, the number of cases varies considerably between the three NPPs due to the large differences in population size of people living within 25 km of Pickering, Darlington and Bruce NPPs (1,580,000; 380,000; and 24,500 respectively, based on the 2006 census year). This is expected, as these are also the most common types of cancer in the province, and in Canada [55] . There was no consistent cancer incidence pattern among people living near the three NPPs. Some types of cancer were statistically significantly higher than expected; however, some types of cancer were statistially significantly lower than expected, and some types c of cancer were the same as expected compared to the general Ontario population.
As seen in Table 8 , near the Pickering NPP all cancer sites combined had a SIR significantly less than 1.0 (SIR = 0.95, 95% CI: 0.94, 0.95, p < 0.01). Similarly, seven cancer sites also had SIRs significantly less than 1.0 (lung and bronchus: SIR = 0.84; female breast: SIR = 0.97; colon and rectum: SIR = 0.92; bladder: SIR = 0.91; brain and other nervous system: SIR = 0.92; esophagus: SIR = 0.84; and leukemia: SIR = 0.89). However, three cancer sites had SIRs significantly greater than 1.0 (thyroid: SIR = 1.41; stomach: SIR = 1.06; and liver: SIR = 1.32). Thyroid and liver cancer were elevated in both males and females and all age groups; whereas, the elevated incidence of stomach cancer was limited to women and those age 65+. Near the Darlington NPP, the data in Table 9 show that for all cancer sites combined the SIR is significantly greater than 1.0 (SIR = 1.08, 95% CI: 1.07, 1.09, p < 0.01). Five cancer sites also had SIRs significantly greater than 1.0 (lung and bronchus: SIR = 1.12; colon and rectum: SIR = 1.07; thyroid: SIR = 1.08; bladder: SIR = 1.19; and leukemia: SIR = 1.26). While three of these cancers (lung and bronchus, bladder and leukemia) were elevated in males and females and all age groups, the increased incidence of colon and rectum and thyroid cancer were essentially attributable to men and those aged 65+, and all men, respectively. In contrast to Pickering, near Darlington liver cancer had a SIR signif cantly less than 1.0 (SIR = 0.83). i Table 10 shows that near the Bruce NPP, all cancer sites combined had a SIR significantly greater than 1.0 (SIR = 1.09, 95% CI: 1.05, 1.13, p < 0.01). While SIRs were significantly greater than 1.0 for two cancer sites (lung and bronchus: SIR = 1.17; colon and rectum: SIR = 1.17), two cancer sites had SIRs significantly less than 1.0 (bladder: SIR = 0.78; and liver: SIR < 1.00). Lung and bronchus cancer was elevated in males in the 0 -64 age group; whereas the elevated incidence of colon and rectum cancer was attributed to those aged 65+.
The SIR analysis for people living within the 25 km radius of the three NPPs was found, in general, consistent with the CD analysis of SIRs. The incidence of childood leukemia and non-Hodgkin lymphoma in children h (Table 11) .
Finally, data on cancer incidence for the cancer sites analyzed in this study across all census divisions (CDs) in Ontario were used for comparison with cancer incidence around the three Ontario NPPs. The data in Table  12 for all ages (0 -85+) indicate that there is a large geographical variation in cancer age-standardized incidence rates (per 100,000 population) across the province of Ontario. These data show that the incidence rates for all the cancers found in this study to be significantly greater than expected (i.e., all cancer sites combined, lung and bronchus, colon and rectum, thyroid, bladder, leukemia, stomach, liver) were well within the range of cancer incidence within the province. Likewise, the CDs with the highest cancer incidence rates were not those included in our study (Durham Region, Bruce County).
Discussion
The primary strength of this study is its inclusion of dose information for various age groups around each NPP generated from radiological releases and environmental monitoring data. This improves on the recent epidemiological studies that used distance of a residence from an NPP as a surrogate for radiation dose data.
Another strength of this study is the quality of the cancer incidence data. Cancer reporting to the OCR and the CCR is virtually complete and of high quality, since it is routinely checked for accuracy through regular assessments by Statistics Canada and the cancer registries [44, 45] . Likewise, the Census of Canada undergoes vigorous quality and confidentiality procedures to assure the accuracy and privacy of census information [50] . Incidence data is preferred to mortality data, since detailed clinical and demographic information is collected on individual cases. If any advances in treatment occur during the study period, mortality would become a less sensitive outcome, whereas incidence would be unaffected. Likewise, cancers with high survival rates, such as thyroid cancer, would not be detected by mortality statistics.
The main limitation of an ecological study is that associations at the population level do not necessarily reflect the biological effect at the individual level [46, 52, 56] . Uniform doses are assigned to the group, whereas the doses received by individuals vary, and at the individual level are also highly uncertain. The very detailed and conservative public doses used in this study provide assurance that actual residents around the NPPs had lower doses. Ecological studies do not typically provide this type of detailed information.
Radioactive emissions from the three Ontario NPPs result in very low concentrations of radionuclides in the environment around the plants and consequently doses to members of the public from all exposure pathways are a small fraction of the natural background radiation in the two regions where the NPPs are located (see Table 3 ). The doses are also well below the regulatory public dose limit of 1 mSv/year under the CNSC's Radiation Protection Regulations. An analysis of the hypothetical dose plumes based on full time occupancy in a ground level atmospheric release shows that based on average meteorological conditions, the majority of exposure to atmospheric releases would occur over Lake Ontario (Pickering and Darling ton NPPs) and Lake Huron (Bruce NPP) (Figures 1-3) . Near the Pickering NPP, prevailing winds travel towards the south; near the Darlington NPP they travel towards the south south east (SSE); and over Lake Huron near the Bruce NPP, towards the north. It can also be observed that almost all this hypothetical exposure is contained within 5 km from the centre point of the facility, much of which is located over the site of the facility itself. Even for such unrealistic exposure conditions, all annual doses remained below the 1 mSv/year public dose limit even for an individual hypothetically located at the stack for a full year.
Using the geographical representation of the dose plumes and the critical group doses (Figures 1-3 The dose plume modeling data (not shown) reveal that the hypothetical doses from air emissions were primarily due to releases of noble gases (i.e., external dose from immersion) at Pickering (~75%), Bruce (~75%), and Darlington (~95%), with some dose being due to tritium oxide (internal dose from inhalation) at Bruce (~25%) and Pickering (~25%), and Carbon-14 (internal dose from inhalation and external dose from immersion) at Darlington (~5%). Radioactive particulates and radioactive iodines contributed very little to the dose (<1%). Doses from exposure to radioactive iodine were conservatively estimated using values set at the detection limit of the in-stack monitor because of extremely low releases. Milk samples have been collected weekly at farms around all three NPPs (part of the REMP) and values were below detection limits during the entire study period.
Recent epidemiological studies of childhood leukemia around nuclear facilities have used distance from the facility as a surrogate for data on exposure to radiation from the plants [1, 2, 10, [12] [13] [14] 59] . Our study has shown that doses to members of the public do not decrease uniformly with distance from an NPP; in fact the data presented in Figures 1-3 for the three Ontario NPPs show that doses further away from the plants can be higher than doses to the closest critical groups. Radiation dose to members of the public from routine operation of NPPs s controlled by several factors, including: the type of i release (i.e., air emissions or liquid effluent discharges); the characteristics of the release (i.e., stack height); the quantity, type and radioactive decay properties of the nuclear substances released; the meteorological conditions at the facility (i.e., direction of prevailing winds and mixing height); and the diet and lifestyles of people. Thus, distance from an NPP as shown in this study is only one factor affecting exposure of members of the public to plant emissions, and it should not be used in isolation as a surrogate for radiation exposure data. Cancer incidence, especially childhood leukemia, in populations living near nuclear facilities has been the topic of much scientific interest [6, [59] [60] [61] and public concern since the 1980s. Authoritative reviews confirmed only three leukemia clusters have persisted over time around nuclear facilities (Sellafield in England, Dounreay in Scotland and Krümmel in Germany). Although some clusters of childhood leukemia cases exist locally, results based on multi-site studies around nuclear facilities do not indicate an excess of cancer globally. Many studies have investigated possible origins of the observed clusters around specific sites, but up to now, none of the proposed hypotheses (i.e., parental pre-conception exposure [16] , infectious agent associated with population mixing [62, 63] ) can explain them [59] .
The most important finding of this study is that there is no evidence of childhood cancer clusters within 25 km of the three Ontario NPPs. In fact, cancer incidence (i.e., leukemia, non-Hodgkin lymphoma) in young children (aged 0 -4) was lower than the general Ontario population (but not statistically significantly so). Cancer incidence in children aged 0 -14 was similar to the general Ontario population. Finally, childhood cancer (aged 0 -14) was similar to Ontario within 10 km of the Pickering NPP (SIR = 0.84, 95% CI: 0.61, 1.13) and Darlington NPP (SIR = 0.97, 95% CI: 0.57, 1.53). Information was not provided for Bruce NPP or within the 5 km radius of the Darlington and Pickering NPPs because of few cases.
Overall, there is no consistent cancer incidence pattern among people living near the three NPPs. Some types of cancer were statistically significantly higher than expected; however, some types of cancer were statistically significantly lower than expected, and some types of cancer were the same as expected compared to the general Ontario population. The incidence of female breast, ovary, brain and other nervous system and esophagus cancer were either significantly low or similar to Ontario for people living near all three Ontario NPPs.
There was no consistent pattern for all cancer sites combined near the three Ontario NPPs. While, it was statistically significantly higher than expected for people living near Darlington and Bruce, it was significantly lower near Pickering (the NPP with the highest critical group doses (0.0067 mSv/year) among the three NPPs). It is not possible to know all of the cancers contributing to this finding, since only radiation-sensitive cancers were selected for this study. However, the most common cancers observed among people living near the three Ontario NPPs were cancers of the lung and bronchus, breast, and colon and rectum, which represent about 35% of all cancers combined, for all three NPPs. This is consistent with the rest of Ontario and Canada [44, 55] . ++ significantly high, p-value < 0.01; + significantly high, p-value < 0.05; ° not significant; -significantly low, p-value < 0.05; --significantly low, p-value < 0.01.
Cancer incidence was statistically significantly higher than expected for cancer of the lung and bronchus among people living near the Darlington and Bruce NPPs. Cancer of the lung and bronchus was significantly low near the Pickering NPP. The most important risk factor for lung cancer is tobacco smoking, with relative risks for current smokers being greater than 10-to 20-fold higher than that of non-smokers [64] [65] [66] . Cancers of the bladder, stomach, and liver have been shown to be caused by tobacco smoking [66, 67] . Bladder cancer was significantly high near the Darlington NPP, but significantly low near the Pickering and Bruce NPPs. Stomach cancer was significantly high near the Pickering NPP, but was similar to the Ontario average near the Darlington and Bruce NPPs. Liver cancer was significantly high near the Pickering NPP, but was significantly low near the Darlington and Bruce NPPs. The statistically significant igher-than-expected incidence for cancer of the lung h and bronchus, bladder, stomach and liver in this study suggests that tobacco smoking may be a confounding factor. There was no consistent pattern for colon and rectum cancer near the three NPPs. Colon and rectum cancer incidence was significantly higher than expected near the Darlington and Bruce NPPs (especially among men aged 65+ years), but was significantly lower near the Pickering NPP. This is consistent with the main risk factors for colorectal cancer (e.g. age (particularly those over the age of 50) and sex (males)) [68, 69] .
There was no consistent pattern of thyroid cancer near all three NPPs. Thyroid cancer incidence was statistically significantly higher than expected near the Pickering and Darlington NPPs, but was similar to the Ontario population near for Bruce NPP. Exposure to large amounts of ionizing radiation, family history and iodine (high or low) in the diet are the main risk factors for thyroid cancer [68] . However, radiation risk decreases sharply with increasing age-at-exposure and there is little evidence of increased thyroid cancer rates for those exposed after age 20 [70, 71] . Releases of radioactive iodine, which is the primary cause of radiation-related thyroid cancer [72] , have been extremely low, or below detection limits at all three NPPs during the study period. Concentrations of radioactive iodine in weekly milk samples have remained below the limit of detection during the entire study period. Thus, exposure of the public to radiological emissions from the Pickering and Darlington NPPs is not a likely cause of excess thyroid cancer around these two NPPs.
There was no consistent pattern for leukemia near all three NPPs. Leukemia was statistically significantly higher than expected near the Darlington NPP. However, leukemia incidence for children aged 0 -4, 0 -14, and young adults aged 0 -24 was either less than or similar to the general Ontario population near all three NPPs. Therefore those aged 25 -64 are driving the significant finding near the Darlington NPP. Although high radiation doses can cause leukemia [46] , the lack of significant findings among children (who are most vulnerable to radiation) suggests that other risk factors are involved, especially considering the very low doses (critical group doses ≤ 0.0067 mSv/year) found in this study.
In our study, industrial sources of radiation only contribute a small fraction of the public's overall exposure to radiation. While the critical group doses around the three NPPs are ≤0.0067 mSv/year, natural background radiation is on the order of 1.34 mSv/year around the Pickering and Darlington NPPs and 2.02 mSv/year around the Bruce NPP. Hence, radiation doses from the three NPPs do not provide a plausible explanation for any observable increases in cancer incidence above Ontario baseline levels.
Geographic variation of cancer incidence is not uncommon [67, [73] [74] [75] [76] and as illustrated in our spatial analysis of cancer incidence at the CD level in Ontario. A study in Ontario [77] showed that most of the geographic variation in cancer rates was found to be associated with variation in known risk factors, and no broad regional effects remained after adjustment for these factors. After known risk factors were taken into account, there was no evidence of a strong difference in cancer risk in Ontario that would be expected if environmental factors (i.e., related to air or water quality) were operative at a regional scale. Another Ontario study found similar results [78] . Both of these studies cover the earlier time period of our cancer incidence data suggesting that known risk factors are a likely explanation of the variations in cancer incidence observed in our study.
Conclusions
The most important finding of this study is that there is no evidence of childhood cancer clusters (especially childhood leukemia) near the three Ontario NPPs studied (Pickering, Darlington and Bruce). Overall, for all ages, there is no consistent pattern of elevated cancer incidence at any of these three NPPs. Although there were some elevated cancer rates, there was no clear pattern found across age groups, sexes and NPPs. This finding is generally consistent with previous studies. Overall, the cancers are well within the natural variation of disease in Ontario.
Radiation doses to members of the public living near the three NPPs as a result of historical and current-day operations are significantly lower than natural background radiation and the public dose limit of 1 mSv/year. Therefore, on the basis of current radiation risk estimates and the supporting epidemiological literature, radiation is not a plausible explanation for any excess cancers observed within 25 km of any Ontario NPP.
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